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SUbLIIARY

Eicperimental d-da are presented on the wriidion qf
the mcduk of rigidity in the temperaturerange –N to
+60° C. of a number of metals uii.tihare of powible we
for elastic elemtmt~for airerafi and other imtrumenis.
The method of the hmional pendwiwn UHMwed to deter-
mine the modulus of rigidity and it~ temperature co.qf-
ci”entfor aluminum, duraknin, Monel metal, bras~,
phosp-ior bronze, ciin .drer, nickel
carbon steels, and three alloy steels.
coefifi”ent m is defined by the relation

in which G and Go are the moduli

eilrer, three high
The temperature

of rigidity at the
temperatures P C. and P C. The d;~erential dG[dT
wa8 found to be a constant except for two metak. 27L?
efect of heat treatment on m was determinedfor a num-
ber of the materials. It was obwrzed that tensile strem
affected the raluee of the modulus by amountg of 1 per
cent or less.

lNTRODtJCTION

Aircraft instruments must operate satisfactorily at
temperatures which may mu-y between – 50” C.
and + 50° C. Satisfactory operation meaIIS not only
that the instruments function, but that their indi-
cations be accurate within tolerances. Thus current
military specifications provide for teats at instrument
temperatures of –35° C. and +45° C. It is vd
known that the indication of an imtrument depend-
ing upon the deflection of an elastic element, such
as a diaphragm or spring, varies with temperature.
In properly designed instruments the major part of
this -mriation is due to the vsxiatiQn of the ehistic
moduli with temperature. It is obvious in cofider-
ing the performance of aircraft instruments that
data are desirable on the effect of temperature on the
elastic moduli of the materiak commonly used for i
elastic elements.

There are no data on many of the coromody used ~
alloys. Such data as are amdable are of littIe use ;
in instrument work either because they me not ~ti- .
fioiently accurate or because they do not cover the ‘
required temperature range. A very important
point is that for the most part investigators have ~

secured data on annealed speoimeq whiIe the ekiatic
elements of inatrumenti consist of hardened materiaIs.
It is interesting to note that values of the tempera-
ture coefhients .of elasticity me not given in current
handbooks of physical data.

The Bureau of Standards, with the financial support
and cooperation of the National Advisory Committee
for Aeronautics, has undertaken an investigation of
the effect of temperature on the elastic prcpertim of
metaIs and alloys which may be usehd in the field of
aeronautic instruments. The objects of the research
me as foIlowa:

(a) To determine the temperature ei7ect on the
elastic moduli of the various common diaphragm and
spring materials in the temperature range from —50°
to +50° c.

(b) To investigate materials in which the tempera-
ture coetlioient of ehstieity is rekdhdy small or
momaloua.

(c) To determine the tiect of stress, heat treatment,
and other factors on the elastic moduli and the temp-
erature ooe3icient of elasticity.

Item (h) on the above program is of some importance
in tiew of the not inconaiderable change in indication
of instruments with eIastic ehxnenta in the temperature
range experienced in aircraft. Attention should be
called to the extensive work on this phase of the prob-
lem by Guillaume and Chevenard (References 4 and
7). As a result of GuiUaume’s work on alIoya of the
nickeMrcm series one was found which has a wry low
temperature coeihient of elasticity (both for the
Young’s and the rigiditIY modulus) at room tempera-
tuw. This aHoy is lmown as dinvar. Its possible
use m aircraft instruments depends on knowledgg of
its behavior in the above-mentioned temperature
rmge, together with its resistume to corrosion, its ease
of mechanical wor~ and its elastic properties which

should be at least as good as those of aUoys now com-
monly used. AIso there must be a reasonable pros-
pect that eventually it wiU be easily obtainable.
The information now available is not stioient to
determine its usefulness in airmdt instruments.

This paper givea the results of experimental work
thus far mmpleted at the Bureau of Standards. The
data include (a) values of the temperature coefficient
of the modulus of rigidity of a number of common
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materiaIs, (b) values of the rigidity modulus at 0° C.,
and (c) to a “~imited extent the effect of tension, and
(d) of heat treatment. The temperature range in
which data were obtained was from —25° to + 50° C.
The torsion pendulum method was adopted, md since
this method is not to be used in the future experiments,
it is considered advisable to report on the results
which have already been obtained.

The experiments are being continued using the
deflection of helical springs as the criterion instead of
the period of a torsion pendulum. The new method
will enable better temperature contrcd, as the springs
can be tested in a liquid bath and, more important,
the determination of the temperature coefficient for
both the riggdity and Young’s, modulus can be made
on the same specimen. The method also gives promise
of greakr rapidity in obtaining data.

THEORY

Neglecting the ef?ect of internal and air damping,
the period P of a torsion pendulum with a round wire
is given by the equation—

P2= 87rLI
-w

(1)

in which G= the modulus of rigidity,
r= the radius of the wire,
1= the moment of inertia of the oscillating

system,
L= the length of the wire.

In accordance with equation (1) define

(2)

where the subscripts refer to the temperature (degrees
Centigrade) at whioh the quantities are measured,

In the determination of the modulus the geometrical
dimensions of the torsion pendulum at 20” C,, approx-
imately, were used. This defies the following
equations:

The temperature coef%cient of the modulus of rigidity
is detlned by

1 dLJr
‘“~ -Z!T”

(4)

Using the terms defined in equation (3),

1 dQ~’
‘“q m“ (5)

It is apparent that m does not differ ~ery much
from m’, The relation between m and m’ is found as
follows. Dividing equation (4) by equation (5), ,

COMMI!KFEEFOR AERONAUTICS

Noti”
GJ = GOII+ (2a–3b) 20] (7)

where a and b are the linear thermal coefficients of
exparision of the weights and of the wire specimen,
respectively. Siarly

G.= G,’ [1+ (2a–3b) (T-20)] (8)

From equation (7) it folIows that

~=l+(2a-3b)20 (9)
0

and from equation (8),

dG,
W 2a–3b G,’
am= m’ ~+[1 + (2a–3b)(T–20)] (10)

dT

Multiplying equation (9) by equation (10) and
neglecting relatively higher order quantities them is
obtained the desired relation:

m=m’+ (2a–3b) (11)

k will be shown Iater, the effect of th~ damping
on the values of the modulus of rigidity and the tem-
perature coefficient is negligible under our conditions
of experimentation. This conclusion agrees with that
of other investigators, notably Horton (Reference 1).

Modulus of Rigidity by the Defieotion Method,—
The. modulus of rigidity was aIso determined in most
cases by the deflection method using the appmatus
~own in Figure 3, in order to check the values obtained
by the torsional pendulum, The modulus of rigidity
G is given by the following expression

* 21.31
“Z%

in which 1 and r are respectively the length and radius
of the wire specimen and M the torqua required to
produce the angular deflection a.

DESCRIPTION OF SAMPLES

Samples of wire as straight as possible were sccurcd
of a number of materials. All a~cept a smnpIc of
annealed Monel metal were in a hard-drawn condition.
The aluminum sampIe (2 S 1/2 H) was commercially
pure, so fabricated as to be one-half hard. Tho
duralumin sample (17 S-T) was commercial heat
treated. The oil-tempered steel wiro and piano wire
samples were furnished by the manufacturer, heat
treatad in the usual manner for use in making helical
springs.

Chwnioal Composition,- Analyses of the samples
were made by the Chemistry Division of the Bureau
of Standards. The results are given in Table I.

The percent age aluminum in the aluminum and
duralumin samples was determined by tho difference
between 100 per cent and the percentage of tho other
constituents for which the samples were analyzed.
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Eeat Treatments,-A number of the specimens
were heat treated in the manner shown in Table IL
All of the heat treatments Iisted for a given material
were made on the same pieces of wire. Betwem heat
treatments the wire was replaced in the torsion pendu-
hun and the usual data obtained.

The wire-s were quenched in water after being heated
by passing an electrical current through them. They
were mounted horizontally without thermsd insula-
tion and under a tension sufficient to keep them
straight. In order to maintain the temperature of the
tie up to the point of imme&on, the apparatus Kas
arranged so that the hot wire cotid be rotated into
the tank of water during which operation a Wing
switch autoraaticdly cut off the heating current.
(See fig. 2.) The temperature vras determined by an
optical pyrometer.

The drawing or tempering of the specimens was in
all cases carried out in em inclosed type of electric
furnace. This consisted of an inner porcehin tube
of smeU bore which was placed in a smaU tubular
furnace. The temperature of the furnace could be
regulated to within 4° C. It was measured by one
thermocouple placed at the mid-point of the interior
of the furnace. It was found by experiment that the
temperature of the furnace had practically the same
value o~er its entire length 15 minutes after stabilizing
the heating current. The temperature as indicated
by the thermocouple could be kept constant within
3° C. Care was taken not to e.steed the desired
temperature. The wires were held at the temper-
ing temperature for not more than one-haIf hour, and
were left in the furnace untiI it had cooled to room
temperature.
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TABLE 1.—CHE3IICAL COMPOSITION OF SAMPLES ——

[When mrownoont ofan demerit i9 gken, it mans none wssdetected

(a) iVonftwou6

~menb In per centI

Z~:-=-6BEBDE------.-----;---J-------

.-------.-----------b-----—--

Imh?I W&.:-------------------- --–—-

~By difference. ~LeSthMamolmtgiwn.
(b) Ferrou8

[Elemenk In per S@ntl

No. Ssmpks

“+4 ~-k=(.*= ~= ~“ssti-~phu ChromiumVsnadium31*M-
—
11 D-iII-rcd std------------------------------------------------------------ L98 fug
;! a14rwer#l stetl. —______ .iu

L

km ------------ ---------
—— .— ----- . . . . . . . . . . . . . . . . . . . . . .

13 alrolinro ~-z::z:::::::::::::::::x:::::::::::::::::=
.al .294 — —— -- .- —-. —-. —.——

.64+3 —
::

.s ale —
;: m6-ati-=-=::::::::::::::::::::::::::::::::::::::::

.e4 ace am .P7
.% .s .0!?

16 StahdmSki-—--–--–-—--=–-----———
.m

.al .1!22 — Ii&
‘“’+-=

TABLE IL—HEAT TREATMENT I

--lNo. Ssmph

-

]1-
6 Iiidid aim---------------------------- –

H DMtiw&._ . . . . -------------------
zQacQ47&6w

ibS Www
14 Pbo --.-... ------..-..--. --.. -.---.-– lCOQ
la chromium Vaudim nterL..___ .......- 9%
la .-.-do. ---–--. ---. ---–--–-. —------- WI

lawwu~

19 Chromtmn mcWdamrm atMI______
16 StdnlemSad------------------------- J% 2mJKwomw%

I Ap~ximate.

Dimensions of Specimens.—The effective lengths of
the samples when mounted in the torsional pendulum
end the average &meters are giwm in Table III.
The diameter was measured at 4 to 6 positions on
each sample, two diametem at right angles to each
other at each position. The awrage deviations of
the diameter measurements varied between the
extremes of 0.1 per cent for the brass wire N’umber
8 and 0.8 per cent for the oiI-tempered steel wire.
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TABLE III—DIMENSIONS OF SPECIMENS

(a) Nonferrous

1

Effentfve Amram
No Materiel m yp #%%%r

—

I
21 Aluminum. . . . . . . . . . . . !M54
20 Dtitiu . . . ..-.. -..__-.. ---..= 2&g
10 kmeekd Ma---------------------
1 Hard-drawn Modal ---------------- g. ~
2 B~.- . . . ..- . . . . .._––-.—
8 -. . ..dL ------------------------------- 27:10
7 Phoaplror bronze . . . . . . . . . . . . . . . . . . . . . . 27.10
1 Ctitivw .. .....–.-.-...-..--. -...— Z?.11
6 NC&JaifveI. . . . . . . . . . . . . . . . . . . . . . . . . !a7.42

acm
.Ccm
.QxQ
. ml
. ml
. ml
.m
. cool
. cool

—
11

18

1s

19

16

—

(b) Fmoru

DrtU rod ata?k

N

Ae diva . . . . . . . . . . . . . . . . . . . . . . . ‘27.62 :g~ . . . . . . . . . .
After hesttmatmant.............– 27.23

oiltempemlstewAerecelvea . . . ..-. 27.c4
. . . . . . . . . . . .

Pfeno wire:
.03W awce

Aa *VW. -----------------------
After heat treatment . . . . . . . . . . . . . . . .-----?-?. --i-–l!* .—-~~

chmmi!my~adiunrateok
.-. .—...-. .. —...- li 10 .m

Afterkat treatment. . . . . . . . . . . . . . 27.as % .exla
Cbrtpnlvlhlm steel:

....... ... .. . ... ...- 27.18
After heat tieatmenL ------------------------- ---:!?!!------:!?!?

C~gbmui~mJybdenurn etd:
.—-. ..— -------- , a7.07” .W07 .ml

After heat treatment . . . . . . . . . . . . .
ShfnkalStenh

1

..--- .—. . . . . . . . . . . . ------- —

A Mad... -. . . . . ..--.. -...--– X.66 .OIOa . cool
Afterheat titment . . . . ..-.. .-.-.. 27.03 . oio6 .0301

DESCRIPTION OF APPARATUS AND METHODS OF
PROCEDURE

Torsion Pendulum.-The torsion pendulum set up
in the temperature chamber is shown in ,Figure 1.
The wire was supported at the top by means of a chuck,
the support for which included a provision for starting
the swinging of the pendulum from the outside of the
temperature chamber. ThtRe parts were abcm the
cooling coik shown in the photograph. Thelower ehuekj
near the floor of the chamber, was attached to a holder
for the weights which were used h. control both the
tensile stress and the momont of inertia.

A platinum wire, 0.023 inch diameter, was attached
to the weight holder. At the mid-point of each oscil-
lation of the pendulum this wire made electrical contact
with the free end of a fixed vertical strip of silver 0.04
by 0.002 inch in cross section and 1.6 inches long. The
contact was recorded on a chronograph, by the opera-
tion of one of its two relays. The other relay was used
to obtain a record of second signals received from a
chronometer.

All but one of the weights were cylindrical disks,
each with a hole through the center. The hole served
the purpose of cenidng the weight on the holder.
The moment of inertia of each weight was cakndated
from the measured dimensions and the mass: Correc-
tion was made for the slight deviations of the disks
from true flatness. The moment of inertia of the chuck
and holder combined was determined experimentally
by the torsional pendulum method using wire speoi-
mens which had been found to have, within x per centj
the same values of the torsion modulus at all of the
tensile stresses applied. This method gave an accu-
racy of about 2 per cent in the wdue for the chuck and

COMMmE FOR AERONAUTICS

holder which is sufficient in view of the larger vahws of
the moment of inertia of the weights as compared with
that of the chuck and holder. The wire specimens used
in this determination were of stainless steel and brass.
Data for the weights are given in Table IV.

TABLE IV.—DATA OF WEIGHTS

Wef@ No.
Moment

Materlrd WV Ofi@e

:l::’l;i:=--’-’’$~~‘~~& ----- ..:.. ::::2-::::--::--:1::::
~ Dfak- . . . . . . . . . . . . ------- ---do— -----

-.. -. . . ..-—..- . . ..-. -...-. steel. ....... .. 1.(DJ am
1. I I I .-.

Te_mperatuxe Chamber,—The temperature chamber
is o~ used for testing aircraft instruments. It is
con&ierably Lwger than needed for this work but is
wdl insulated thermaLIy by about 6 inches of cork.
If th~{ inside of the chamber is brought to – 30° C.
while the outside room temperature is about +200 C.j
the ~mperature within the chamber wilI increase to
0° ~. in about 16 hours. An ammonia refrigeration
syste”rn was used to 0001 the chamber and electric
heaters tQ heat it. The L“ in the chamber was kept
stirred by means of an electric fan. The fan was
cut off, however, during the time when readings were
being made in order to obviate a possible source of
uneteadinew in the vibration, A multiple ghiss win-
dow in the door of the chamber and an ehxtrh light
inside are part of” the equipment. Temperatures
were measured by a Iiquid-in-ghws thermometer hung
about 1 inch from the wire, A study of the data
indicate9 that the error in the temperature measure-
ments due to W causes doea not exceed 1° C.

Test prooedure, —In taking observations the cham-
ber was first brought to a definite tmperaturo and
heId at this value for one-half hour before obtaining
data. By means of the device previously mentioned,
the pendulum was then put into torsional oscillation.
When the oscillations had become steady, the chkotm-
graph -was star~d and left running until approximately
100 half oscillations had occurred. The moment of
inertia, and consequently the tensile stress, was then
inoreaaed by the addition of another weight to [he
pendulum. This operation required the opening of
the chamber which affcoted its temperature. No
observations were recorded until 15 minutes af tcr the
temperature had regained its previous value. This
prcce~ was repeated until all of the observations at a
given temperature were secured.

The amplitude of the oscillation was 45°, very
approximately, while observationa were being obtained.
Data for the brass sample Number 2 and drill rod
Number 11 showed that the period of both deoreaaml
one part in 2,500 per degree decrease in amplitude.

The period of oscillation of the torsion penduhm had
extreme values of 1.6 seconds for phosphor bronze and
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20 seconds for coin silver. For most of the specimens, motion as the free end of the wire. The indication was
ferrous and nonferrous, the period of oscillation of the on a graduated circde 7.7 inches in radius with grad-
penduhun had -dues between 4 to 10 seconds. The uations 0.25 degree apart.
accuracy of the measurement of the period was of the Each heat-treated specimen was cut from the mire
order of 0.1 per cent. previously used in the torsional pendulum and was not

TensiIe stresses in the wires were computed from the independently heat-treated. The re.dts by the tn-o
weights gi~en in Table IV, and the wire diameters methods are therefore comparable. All tests were
gi-ren in Table III. made with the specimen at room t@perature

FIGCUE I.-Torsion pendukn in the t.emwratura chunk

Determination of the Rigidity Modulus by the De-
flection Method.—The apparatus is shown in F&yne 3.
The ends of the specimen, which is about 4 inches long,
are held in pin chucks, one fixed and one free to turn.
The torque is applied by mesms of weights in a pan, in
the manner shown in Ilgure 3. The deflection was
measured by a pointer which had the same angular

W330-31+i

—

EXPERIMENTAL RESULTS

Temperature Coefficient of Rigidity Modulus.-The .
valuas of the” temperature coefficient of the moduhs of —
r&idity for the various materials me gi-ien iR Table V.
Two values are given for each materhd: One, m’

— .

uncorrected for the effect of the change in dimensions —
with temperature of the parts of the torsion pendulum;
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and the other, m corrected for this effect. The coeffi-’
cients are all negative; that is, the modulus of rigidity
decreaees as the temperature increases.

TABLE V.—TEMPERATURE COEFFICIENTS OF MOD-
ULUS OF RIGIDITY—Continued

TABLE V.—TEMPERATURE COEFFICIENTS OF MQ13-
TJT,TTS OF RIGIDITY . .

No

—

14

n

18

10

M

—

.—. —.—

I Ceefacialt 1-
—

I gg-,Corrded,1

MaterIsl m’s lob
Uncor-
Xw3ted,1 L

Tma!la stress
m x lo~ range lb.kw.

k.
!orrectSd, 1

I I I
No

—

21
Xl

1:
2
8
7

:

11

16

imi,-y--$~x~:
#&%%k:i-&-ti..._--
Tmrmarrdd ~ :..:.: ---

. -- —...

a.-.__–
Chromiummum

-Oa w. z 4@l
–02
-a %$%2%
-42 l,c W&m
–s2 I,wo- 7rm
-40 ti3&.z4m
-48 5oo-z2m
–56 a 600-11,twl

..— — z 6X+11,Oco
—.— —

:: —. —----
—--------

=Z –-—-

T

-88 . -------------
_= %cm+ll, Orm.— ------

–24 —.-.—-
–24 -—.---—..

Mdum ----------------------- -m
Dmaiumln -------------------- –al
Annealed Mend--..---..-—--..––––– -20
Hard-drawnMonsl--------------- –40
Brass.... ... -40
. ..-do___ ‘---’---——-– –43
;h~p$vrwb;ome-. -....———– -48

. . . ..-. —— —----- -62
Niekd Sllvw..-—-— ----- - ---..—,

. As IW?SiVSd. . . . . -------------- -41
Tampered at f421TC..- . . . . ..---– -n
Tempered at W C__-... ---.– -26
Tampered at 475° C. . . . . . ..---–
Tare@ at M@ O. . . . . . . ..–_- %

Drffl md ste@l. . ..——————-.. .— .—-— -
.M recsivrd --------------- -m
TemwuMI at 4-W C--. —-— -29
Tempered at E@ C..-..--—. -28
Tsnxpaml at 61340O-_ Z----- -23

on tempered stael_..—-—————._— -a

Tem@eiat X0 . . . . . . . . . . . . .
Tempared at 403”c.-.. .- . . ..-.

-1
-1+ . . . . . . . . . . . . .

Tempered at K@ C... __..-.. - % i -n -__....
c&r&R&i&~

\ ‘-
P c....-......:-

1
–2s I -m ----. —-----

_M %WJ-lGmamxn aasL..-....-. -_._ -.,-—-.-—
AS ~V_- . . . . . . ..--.. —------

:, Teqemd at 10@O. . . . . . . . . . ..-
. . . . . . . . . .

-2! ]
- -)denum ti . . . . ..-- _... --—_ .___.?-

—- . . ..- -
amlumlChmmhxm mown

Aa receiv@..

EdhEm%~G . . . ..- . . . . ..2--. =...L_-_---2.._ -.=- I ~mltfm

Tm~ at w
..-. -..... —

TamIssrad at 3M
Temper@ at 4~

.-. —--------- —1wl at 100”C . . . . . ..-._- .XI
-4J ,:.-.._ . . . . . .

. . . . . . . ----

1. . . ..-- . . . ..-.. - ~fi
‘ --$ g:-:: . . .._.-

—-- -81 * l::=:::::
....-. .-.-—.

Tempered at& ;..-—--—-.
-81 -a!4 . . . . . . . . . . ..-
-81 -81 . . . . . . . . . ..-

Tampered at W C-------- -Zi -n . . . . . . . . . ..-
–24 .—–--—--
–Sa Zmo-ll,m

~Allval&a in this column to be multiplied by K+ !n mdcr to obtab.r m’ or m.

-.,. ”-.,--- . .

+-:: “ :. -.’.
i-mm.:..?..”:,

...-.

&....-

E
.
-.

.-

1

2---

-— ..— .

.-. — —.&r+.&aAAA.--..-+-- --- -—--

FKXIEE 2.–ApLkuatus for hsrdenlng femme s@merxe

In the course of computing the uncorrected values

graphs were drawn for all of the materials, Sitilar to

those shown in Figures 4 to 9, inclusive. These @-

ures show the data for the specimens of nickel silver,

etaide= steel, and chromium vanadium Number 13.

7

The graphs of the expression $ against th~ te~~si~

stre~ as shown in Figures 4, 6, and 8 were drawn first.

From ‘these the graphs of& against ~mperatum WCre

obtained as shown in Figures 5, 7, and 9. Tho values
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of the uncorrected coefficients m’, as defied by equa- - ~.

tion (4), are determined by the slopes of the straight<
relatiog betweenp and the tende stress at various

lines in Figures 5, 7, and 9, divided by tlm values temp&atures for a specimen in a given condition.
In a number of individual cFLsesthe observations

of& at 0° C. were not in accord with the above two conclusions, for
the discrepancies were greater than the experimental

A careful study of the mimam mmhs in Fimres T.-.
4, 6, and 8 led to the fo~owing two conclusions: ‘1.error in@ As an example, see the scattering of the

~GURZ S.–Amtus h detee the rtgidky moduhn by the detkct$on method

(1) At a given temperature ~, is either constant or

directly proportional to the tensile stress.
(2] For any one state of the specimen the factor

of proportionality of the rehtion between& and the

tensile stress is independent of temperature in the
temperature intervfd –25° b +50° C. & a COIIS&
quence of (1) and (2), straight paralIel Iines gave the

—.

.—
—.

.=

data shown in F~e 4 for the nickel silver specimen
in the ‘tas recei~ed” condition and note that the data

-—

for – 11° C. can just as well be represented by a
str&~ht line of zero tdope. It WW aIso be seen in
Figure 4 that there is no such scattering of the observed
points in the data obtained after the various heat
treatments of the sampIe. It is beIieved that the
scattering of the data for nickel silver in the ‘Cas re- .—
ceived” condition is due to the fact that the specimen —
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did not conform to the primary assumptions under-
lying formula (l). These assumptions are that the
wire is straight and that it is free from internal strains.
The eflect of these two factors can not be separated,
since the internal strains produced in drawing the
wire generally cause longitudinal curvature.

Within the limits of experimental error it was found

that for a given tende stress, $ is directly proportional

to temperature in the temperature interval covered by
the experiments. (See Figs. 5, 7, and 9). Possible
exceptions to this fact are .thedata for the chromium-
molybdenum and annealed Monel specimens, for which

,445

.440

.435

.430

.475

.470

.465

Tensile sfres~, lb./sq. h.

FIGURE 4.-EEd of tenelle stress and tempxature on the
rfgfdlty moiulrrs of nickel sllmr. The moment of lnwtla
Iisin pounddnchaar@ararf and the Pcrfod P In seconds

the absolute value of the slope of the curve through
the experimental points appears to increase with tem-
perature. However, the best straight line was drawn
through the poin~s for these materials also, since the
deviation does not gyeatly exceed the experimental
error. This point is considered later in greater detail.

The coefficient m varies less than 1 per cent with
tension over the range of tensile stresses applied.

The values of m, the temperature coefficient corrected
for the expansion of the parts of the torsion pendulum,
were computed by means of equation (11). It should

CO.MM-E FOR AERONAUTICS

be noted in the computation of m that all of the exper-
iment al value9 of m’ are negative in sign.

Modulus of Rigidity at 0° C.—The values of tho
modulus of rigidity for one tensile stress aro given in

b.
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1 I I I I I I I I I I I r
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I I I I I I I I I I 1 1 I 1
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FIGURE5.-ChMga h the rigidity modulus O( n[ckeI atlver with tarruwmlure
rfous beat treatments. The moment of fnortfa 1 fa in ponnds[nclrcs .sau
the fwrlod P h seconds
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FIGUBE6.-Effwt of We stres% heat treatment, and temperature
on the rfgidIty modnhre ofchromium vanadhrrn atoel. The moment
of tnertfa Ifs In pounde-Inch&seqrrsred and tire period P IIImomfa

Table VI. The table gives also tho perccntago chango
in modulus for change of tensilo stress in a given range
of stress.



MODUIUS OF RIGIDI’IT

l:: , , 1 1 1 r r 1 1

TiiiiiilYl*

I I 1

.6C0 WI Illltll
~

OF AIRCR4FT SPRING MATERL4LS

Twerotwe, “C

FIG- 7.-Chenge h tie rigidity mdolos of c&omhm vsnedum steel with temperature after mriotre
heat treatments. Tha momeot of hertle Ik h peon -&mobeswrmrede odthewriodPfnwmnde

TABLE VI—310DIJL’US OF RIGIDITY AND EFFECT OF
TENSILE STRESS

—

No

—

z
10
la
2
8
i
:

11

15
14

13

18

19

16

—

H
‘W%JT ~ti=&y&+. .

Mattrid TensiIe stms
lb.feq In. 6b3359range rrlcrcflse,

IIL/sq. b. per cd
I@lo[6,C03IS,lml

~~--:–-----–——l------l---l----l z

!redstd . . . . ..--. -.--.. L... _l.--l La ]%C

ml o

~ ------- ::---1-———--—-

%4c;------- --—
c_ —
c_____
c --–––— ‘-
c --------------------

m —-
+.— --—--— .40
~--- .44d———-—---:&—-— .!m

—-——- .23
—--—--—.. .m

ChrernhrinVmaditrmsteeL...l--l ~1 zcnHfLml L---

c:=~==a’=l:::mehles Ski------------------- ..__r-
TemneAatm=c__._.-L__.l m, ~ ~ - [ ‘.ISA mmhd-........ . ... .. . . 12.6‘ U.6 -—- ---------

——--—

567
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The modulus of rigidity -wBs computed using

formda (3). The wdue of ~z was obtained from

graphs such as Figures 5, 7, and 9. The length ~d
radius of the wire specimens are given in Table I.
No correction was made for the effect of temperature
on the dimensions of the parts of the torsion pertdulum
since its amount in no case exceeds 0-1 per cent.

The error in the -dues of the modulus introduced
by neglect of the effect of dampiqg was calculated
for brass samples Numbe~ 2 and 8, and drill rod
sample hTumber 11, based on esperimentaI data. It
was found to be negligible (less than 104 per cent).
Since the data were obtained in the usual manner,
it indicates that the work done by the tibrat&a
system in deflecting the contact strip was ~ery slight.

Microphotograph were made of three groups of
chromium vanadium wires of the lot from which speci-
men h’umber 18 was taken in order to determine the
extent to which decarburization occurred during the
heat treatment. One sample was quenched from
920° C. in rater, the second similarly quenched and
then tempered at 600° C., and the third was as
received. The heat treatment was given in the appa-
ratus previous~y des&bed. h’o evidence of decar-
burization was found in any of the three samples.
However, the two groups of samples which had been
quenched from 920° C. were found to ha~e cracks,
approximateeIy radial, extending almost to the center
of the wire. The e&ct of the cracks probably reduces
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the apparent value of the modulus, but is not believed
to affect the value of the temperature coefficient.
This offers an explanation of the differences in the
modulus for chromium vanadium specimen Number 13
in the ‘(as received” condition and after heat treat-
ment (about 5 per cent). “

Comparison of Moduli VaIues by Deflection and
Pendulum Methods.—The modulus of rigidity was
also computed from the data obtained by the deflec-
tion method using formula (12). In each caso the

2000 4000 6000 8000 fmo
Tensile shess, tb./sv.h. f

FIGUUE8.-E fled of tendle strem and temperetnre on
the rigidity modulus of stainless tie]. The moment
of inertk 1 ie fn ponndMmhes MIuered and the

‘ period P In 8ecrmda

term M/a of formula (12) was determined by colllput-
ing the slope of tho beat straight line which was drawn
through the torquedoflection data. The results of
these computations are given in Table VU, together
with values comparable as ta tensiIe stress and tem-
perature which were determined by means of the tor-
sion pendulum. k order to secure the latter values at
zero tensile strw the straight lines of graphs such as
given in Figures 4, 6, or 8 were extrapolated. The
accuracy of the determinations by the deflection
method is estimated to be 2 per cent. The agreement
is, in general, satisfactory. It is seen that the values by
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deflection are the smalk except for aluminum, dur-
alumin, and piano wire. Tho difference for tlm lattar
material is within the experimental error.

TABZE VH.-COMPARISON OF DATA OBTAINED
FROhI DEFLECTION AND PENDULUM TESTS

[The velure oi the modulus from the tomlon pendulum glvenbolow am fwreroatrwm
inter.reion and have boenertrapoltied from thetfstal
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Effeot of Tensile Stress on Modulus, —The chango
in the modulus of rigidity for tho range of tcnsilo
strew” for which data were obtained is given in Tablo VI.
No great accuracy is claimed for the data, which m
presented merely as qualitative evidence that the
effect exists. .See later discussion of results for plMs-
phorbronze. -

Maximum Shear Stressest—Tho maximum stress in
shear to which the specimens were subjcctcd both dur-
ing oscillation of the pendulum and in t.ho deflection
tats was computed from the formula

s=+ G (13)
.-

in Which 8 is the stress at angular deflection A, and r
and 1 are the radius and length of the wire, respec-
tively. These values are given in Table VII. Thoso
for the pendulum specimens are for an amplitudo of
0.9 radian.

DISCUSSION

It should be emphasized that tlm absoiuto values of
the rnoduhs may be in error due to discont inuitics in
the Am-face of the wires. This is an importnnt factor
in the case of the ferrous materials. On tlm other
hand, it is believed that tho twnpcratmw coeflicicnt
vahes arc of greater reliability since they depend upon
measurements of the change in the xnoduhs. It is
assumed that the effect of tho titcrmd stresses rtnd dis-
continuities in the wire surfaco do not vary with hm-
perature.

In general, other i&rcstigators using the torsion
pendulum, notably Iokib6 and Salmi, Horton, and them
preceding Horton, obtained data only on annortlcd
specimens. In the absence of a definito statomont it is
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not certain whether the specimens of Koch and Dan-
necker were annealed or not, but the data are character-
istic of those obtained on hardened samples.

Horton and Chewsmard correet their results for the
effect of the change in dimensions of the specimen and
dependent parts with temperature. It is not certain

o 10

of the coefllcient to increase slightly with temperature.
The modulus of rigidity is computed from their data
to be 3.69X 108 pounds per square inch at 0° C.

Koch and llmnecker’s data (Reference 9) give
– 61 X 105 for the average value of the temperature
ooeflicient of the modulus of rigidity in the tem-

Zv 30 40 50
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FIGGBX9.-Change III the mcdnlog C4rIgid[ty of ~ steel with temperature alter veriorrs heat
treatments. Thm moment of Inertfa Tfs tn ~ches sqoered and the period P h mmnds

,[4

that the results of Koch and Dannecker or Tokib6 and
Sakai are so corrected.

The avdable data for ehnninum and Jfond metal
indicate that the temperature coefficients of ehsticit.y
are independent of temperature viithin the experimental
error when these materiaIs are in the hard-drawn
condition, but vary with temperature when annealed.
All of the nonferrous metah tested in the hard-dram
condition had dues independent of temperature. It
is offered as a tentative conclusion that hard-drawn and
anneaIed nonferrous metals generally show this differ-
ence in the temperature coet%cients. Further details
are given be~ow.

No conclusion can be drawn from the a-rsiIable data
as to the difkrence in dependence upon temperature of
the temperature coefficients of annealed and hardened
ferrous metals.

Aluminum,-Horton (Reference 1) found that the
modulus of rigidity of an anneaIed tie varied ir-
regularly with heat treatment in the temperature
range from room temperature to 100” C- He reports
the temperature coefficient to be – 135x 10+ at
15° C. and the modulus of rigidity to be 3.i3 x Id
poundsper square inch at 0° C. ‘The latter value is
computed from the vahe at 15° C.

The data of Iokib6 and Sskai (Reference 3) for an
mmea.led aluminum wire give an average -m.lue of
– 103X 10-6for the temperature coefficient of the
modulus of rigidity in the temperature interval
+ 25° to 76° C. Their data show the numerical due

perature interred + 20° to 100° C., which agrees
closely with the value given in Table V (– 62 X 10-’),
and 3.96 X ld poundsper square inch for the value of
the modulus at 0° C. The condition of their wire
specimens, whether initially hard or annealed, is not
stated. The dues for the modulus found by Horton
and in our experiments (3.74X ld) agree closely but

hwincj temperature, ‘C “

FIG~Z 10.-EEect of temper@I or drawing tampera!ure npn tha temperature
-ent end moduhrs ef rf@dIty. Curves I are for nickel dIr6c, eorvm II fm
ChrOm.fomVanadImn Stsal Sn’1Ourvm m ror 9t&kdes9Strd

are much less than those reported by Koch and
Dannecker:

Dodge @ieference S) experimented with both a
hardened and an annealed aluminum specimen and
found that the temperat~e coefficient of Young’s
modulus of the hardened specimen was substant.iaIIy
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constant up to 100° C., but that of the annealed one
varied with temperature. This difference in behavior
of rmnealed and hardened aluminum may explain the
variation in valuw reported by us and by Horton and
othera. An objection to this expkmation is that
Dodge’s value for the temperature coefficient of
Young’s modulus of the hard specim~, – 122x 10-6
at 20° C., is greater than for the annealed one, —61 X
10-6at 20° C., while a comparison of llorton’s and
our data shows the temperature coefficient of the
modulus of rigidity of the harder specimen to be less.

Koch and Dieterle (Reference 11) obtained an aver-
~ge value of the temperature coefficient of Young’s
modulus for an annealed specimen of – 65 X 10-6 in
the temperature interval +17 to 110° C. This is in
agreement with Dodge.

It may be safely concluded from a consideration of
all of the data that heat treatment at relatively low
temperatures greatly affects the temperature coeffi-
cients of elasticity of aluminum. The effect is far
greater than for other metals considered in this report.

The data of all of the investigators mentioned above
ahow fairly conclusively that the numerical vahe of
the temperature coefficient of the modulus of rigidity
of annealed ahminum increasw slightly with tempera-
ture and that it is constant for hardened aluminum up
to about 100° C.

Duralumin,-Koch and Danneclier (Reference 9)
gave valu~ of the moduhs of rigidity at + 20° and
100° C?., which give an average value of the tempera-
ture coefficient of – 46 X 10-6 in this temperature range.
This appears comparable with the value in Table V
(– 62 X 10-’), since both data show the variation of
the modulus with temperature to be uniform in this
temperature interval. A source of discrepancy in the
two values is the probable difference in the initial
state of the specimens. There appears to be no great
variation due to heat treatment or other causes from
the value given in Table V; such as is the case for
aluminum.

The modulus of rigidity at + 20° C. given in the
above reference is 3.87X 106 pounds per square inch
from which is computed the value at 0° C.j 3.91x 108
pounds per square inch. This is in close agreement
with the value 3.94 X 10° given in Table W.

Monel Metal,—The hardened specimen has a some-
what higher modulus of rigidity and larger average
temperature coefficient than the annealed specimen
but no great significance should be attached to the
difference.

A more signific~t difference is the fact that the
value of the temperature coefficient is conskmt for the
hardened specimen (– 42 X 10-6) in the temperature
range – IA” to +500 C., whiIe on the other hand, it
varies from –21 X 10-6 at –13° C. to –54X10-3 at
+ 50° C. for the anneaIed specimen. These values are
estimated to be accurate within 10 per cent. This dif-

ference in behavior of tha annealed and hard specimens
is similar to that reported by Dodge for aluminum
(Reference 8).

The modulus of rigidity is given as 9,5X 108pounds
per square inch by the International Nickel Co., which
probably is an awrage -due at a tampwature of about
+ 20° C. This compares with vahms here reported of
9,68 ~d 9.85 pounds per squaro inch,

Brass, —Koch and Dunnecker (Reference 9) give a
value of – 42 X 10-s fo,r the temperature coe~cient of
the modulus of rigidity in the temperature rango +20
to 100” C. for a brass composed of 00 per cent copper
and 40 per cent zinc. I?or a specimen of durana-
metal, supposed by them to be of about the samo
composition as their brass specimen except for tho
addition of small unlmowm amounts of other metdsj
the temperature coefficient is – ~6 X 10-6 between +20
and 100° C. Their data indicate that the coef?irient
is independent of temperature to the first order in tho
temperature interval +20 to 100° C.

The values of the temperature coeftlcient. found in
the present mperhnents are – 46 and – 52 X 10-S for
the two sampka of brass. The differcnco in tlm tem-
perature coefficients is not easily e~plained at fkt
sight- ~ince the absolute values of the moduli of. .
rigidity were found to be alike, and sinco it sccma
reasonable to suppose that phytical diffcwcnccs in tho
two samples would affect the modulus as well as tho
coe5cient. It is believed, however, ~hat the rLgrcc-
ment in the two values of the modulus is accidental
and that the actual values differ, a conclusion which
appears to be confirmed by some additional datn ob-
tained on brass sample Number 2 at -I-30° C., whirh
gave a value of the modulus about 3 pm cent greater
than that given in Table V. It is further to bo noted
that the additional data at 30° C?. is independent of
the stress in tension.

It is of interest to note that the data of Koch and
Dieterld (Reference 11) give – 38 X 10-6 for tho averago
temperature coefficient of Young’s modulus in the
temperature interval +11 to 9/3° C.

The modulus of rigidity at 0° C. is 5.59 and 5.55 X 104
pounds per square inch, respoctively, for tho two
brasses considered by Koch and Danneclier. These
are to be compared with the VSIUCS5,03 x 104given in
Table VI.

Phosphor Bronze,—The averago wduc of the tcn~-
perature coefficient is computed to be – 34”< 10-6 in
the temperature interval +20 to 100° C. anti tho
modulus of rigidity, 5.32X 106pounds per square inrh
at 0° C. from the data of Koch and I)annecker (Wf-
erence 9). Their data show the absolute valuo of tho
temperature coeficie.nt to increaso with tcrnperature,
The composition of their specimen was 93 per cent
copper and 7 per cent tin. The results do not appear
comparable with those here reporhd, i. c., – 48 x 10-’
for the temperature coefficient and 6,42 X 10@pounds
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per square inch for the moduhs. This discrepancy
may be due to d.Merences in chemical composition and
hardness. Their value for the modulus of rigidity
appears to be ~ery low for a phosphor bronze.

St. Clair (Reference 2) has given data on the tem-
perature coefficient of Young’s moduks based on
measurements of the detleotion of hair springs which
give a value of – 38 X 10-s for the coefficient. The
phosphor bronze was of the grade most suit.able for
use in diaphragms and springs and was in the hard-
ened condition.

Edwards, Bowen, and Alty (Reference 5) have in-
vestigated the effect of stress in tension on the mduea
of the modulus of rigidity of phosphor bronze when
measured by means of the torsion pendulum. This
effect was first pointed out by Pealing. Their experi-
ments indicate that the modulus incretwes with tensile
stress up to a due of about 1,200 to 1,5oo pounds
per square inch, and for -ialues above this shess is
substantially constant. The effect is greater in hard-
ened specimens and is reduced by annealing. The
data here reported indicate an incrwse of 0.41 per cent
in the modulus from a terde stress of 500 to one of
2,300 pounds per square inch. This increase has been
assumed to hold good at W of the temperatures at
which readings were made. hTogreat sign&ance can
be attached te the due for the effect found in the
present experiments since the a~erage deviation of the
points from the straight lines which gke the relation

between the tensilestressand ~is too great. The data

are poorer in this respect than for any other material.
Another point is that the present experiment hare
not been conducted so as to bring out this effect,
although there is definite e~idence that the modulus
of rigidity of phosphor bronze and of many of the
materiaIs tested depends on the tensile stress.

Coin Silver,-There fippear to be no rrrailable data
on the elastic const mts of this material. However,
data on sihrer may be used as a rough basis of com-
parison.

The -values of the constants for aiker derived from
the data of other investigators me gi~en below:

SILVER

: MJdulu9 of I mul~ratumCnemcfent

The modulus of rigidity of coin siker here reported
is 4.25 pounds per square inch at 0° C. and the temper-
ature coefficient, —56 X 10-5.

Nickel Silver.-The aver~ae temperature coefficient
of the modulus of rigidity, derived from Koch and
Dannecker’s data, is – 39 X l~s in the temperature
range +20 to 100° C. and the moduhs is 6.85X105
pounds per square inch at 0“ C. There is no informa-

tion on the exact composition of their” specimens.
The above values agree reasonably weII with those of
the present data for the specimen tempered at 300° C.
The values of the temperature coefficient and of the
modulus are plot ted against the tempering temperatures
m F~e 10. A study of the effect of tempering at
various temperatures by Thompson and TTbitehead
(Reference 6) indicates a change in the internal struc-
ture of nickel aiker with 15 per cent nickel when
tempered in the temperature region 300 to 400° C.
and, less certainly, at a tempering temperature of
550° C. The data of F~e 10 do not contradict this
conclusion but do not newmariIy corroborate it. A
change in struct-hre is clearly indicated in both curves
of Figure 10 somewhere between 300 and 475° C., but
owing to lack of data in tk interval the exact temper-
ature is not indicited. If a change in structure occurs
at 500 to 600° C., it is apparently without effect on the
temperature coefficient or the modulus.

Figure 4 shows a distinct difference in behavior of
the specimen before and after heat treatment which is
believed to be typical for cold-drawn and heat-treated
wires of nonferrous raateriaLs. The experimental
points deviate greatIy and in an erratic manner from
the best straight line for the coId-drawn sample,
which deviation sI1 but disappears after the specimen
has been subjected to a temperature of 200° C. The
fact that the modulus is independent of tension after
heat treatment is not believed to be necessarily true
for the other nonferrous materiaIs. The deviation of
individual points from a straight line for the hard-
&awn specimens of other nonferrous materials is of
about the same maaguitude. This is in general aa~e-
ment with the obser~ations of other observers who
state that it was rwmssary to anued the specimens in
order to secure consistent data.

DriU Rod Steel.—Iokib6 and Sakai (Reference 3]
give data on a steel containing 1.3 per cent carbon
which is substantially the same as that of the drill rod
sample. Accor@m to their results, the a-ierage tem-
perature coefficient of the moduhs of torsion is zero
in the temperature intervrd + 29° C. to 77* C. and the
moduIus is 11.0X 106pounds per square inch at 0° C.
The temperature codlkient is constant in this tem-
perature range. The due for the modulus is in
agreement with that of the present experiments, but
there is disagreement on the vahms of the temperature
coticient.

OiI Tempered SteeI.-hTo other data appear to have
been pubIished on this material

F&ULOWire.-Horton finds the temperature coetE-
cient of riggdi@ of two anueaIed specimens of “piano-
forte wire” to be – 26 X 10* in the temperature inter-
VSI +10 to 100° C. and to be constant in this tem-
perature interd. The moduhs of rigidity is given
as 12.3 and 11.9X 108 pounds per square inch for the
two Sampks.

From the data of Iokib6 and Sakai the average tem-
perature coefficient for an anneaIed sample of steel
containing 0.90 per cent carbon is found to be
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– 11X 10-5inthe temperature interval + 66 to 104° C.,
and the modulus of rigidity to be 11.1X 10° pounds per
square inch.

Chromium Vanadium Steel,—Figure 10 shows that
the temperature coeffici~nt of the modulus is greatly
affected by the tempering temperature, and that the
modulus of rigidity is unaffected. The absolute vahws
of the modulus as determined subsequent to quenching
are undoubtedly too small due to quenching cracks is
has been previously statad.

Chromium Molybdenum Steel,—The temperature co-
efficient (—39 X 10-5) for this material, determined after
the heat treatment given in Table V, is an ““average
value for the temperature interval – 15 to + 50° C. Tho
average value in the intervaj – 15 to 0° C. is —21 X 10-5~
and in the interval +25 to 50° C. is —45 X 10-s.

Stainless Steel,—The remarkable constancy of the
modulus and the temperature coefficient shown in
Figure 10 for tempering temperature up ta 500° C.
is analogous to the behavior of other properties of
stainless steel. See Reference 10 in this connection,
A change in the crystal structure takes place at a
temperature somewhat above 500° C., which accounts
for the change in the temperature coefficient after
tempering at 600° C.

No published data were found on the temperature
coeflic;ent.

CONCLUSIONS

The values of the temperature coefficient of the
modulus of rigidity have been determined for a num-
ber of nonferrous and ferrous metaIs, in the tempera-
ture range –2o to + 50° C. The values are given in
Table V.

Values of the modulus of rigidity were also measured.
These ar6 given in Table VI.

The effects of tension and of heat treatment were
“ considered. These data are summarized in Tables V

and VI.
Table VIII summarizes the present state of knowl-

edge on the temperature coefficient of the modulus of
rigidity of the materials considered in this paper for
the temperature range – 20 to + 50° C. The resuhs
of all investigators ~f these materials whose work has
come to our attention were given due weight in deter-
mining the values given, The values are tentative in
many cases.

TABLE VII1.-TEMPERATURE COEFFICIENT OF THE
MODULUS OF Itl?JIDITY IN THE TEMPERATURE
RANGE – 20° TO + 50° C.

7
Anneal.......__
Hzlf-h?.rd_______
Hest-trmted..-..
unknown...._.
Eurd&wn.._...
Anneelw_..-_..
Harddmwm . . . . . . .

--Ado . . . . . . . . . . . .._
utiom-_.–._
Eerd-dmwn______
unknown ....__._

I All v81ueein tbfe whmrn to be mult$)lied by K@,

..—.

–la) to

Mstdzl

<“’
c:~m&io:nof T&my?eye

Compa3ftion, per cent
Xlm ‘

Alnmb.Iom._.._.._ ._.-_ ._-..&.._ -
Al $9.6.........._–_

Dumhrmfn... ._.._ Cn 4.l_______

Model . . ..__ . . . .._ ‘&rn-NKz:::...
Ca *i 67.7. . . . ..-

Bres--.._—_ Crr @3,in 86, Pb 1.8...
Cu ~ Zn 85, Pb 2.6. . . .
Cu @3,Zn 40.......–_

Phosphor bronre_... 8n 8.9.. __________
an 7. . .._. _ . . . . . ..-_

TABLE VTIL-TEMPERATURE COEI?FICIENT OF TH E
MODULUS OF RIGIDITY IN THE TEMPERATURE
RANGE –20° TO + 50° C.-Gontinued

Matsrfzf Composition, per cent Co&:if#:mof

I
‘HH:$

x 10

Dfl~et~-------l’
Coin silver . . ..-.. - Cu 8.S. . . . . . . . . . . . . . . IM&dmwn_. . . . .
Nickel salver. . . . . . . . Cu 57, Zn M, NI 15,8.. ..-.do_ . . . . . . . . . . .

Ofl temtwed steel . . . C OX::~~=::l:::. %E%%$ ‘;jtiri~

Pfm.roWars.. . . . . . . .

C&rd~ vanadl-

Cwsmwmol ybd~

Stdnfesesteer..... 1
An

c O&L—--—.-. Ire
. . . ..eo ---------------- c
o OIL-.—--—- T

.EX,d~...—.— 1
. . . . . . . . . . . . . . . . T

-...do --------- 1
C 0.8L...-...-.-... Que

c 0.s!3-----------
{

...T%L---
..-.do.L.-._-.-... ~ce.nL----.,

. . . . . . . . . .
Eat.trmted. . . . . . .

Qticrrelred tempered
at me.

Unknown --------
Uerdened.....-.-.
Unknown . . . . . . . . . .
@dened..--.-.,

.t%%a%?
---do _.-.. -..-.. Q;#@&eec,tornpored

-s
-44

-a k! -49
-41

-Ca 10 -S4
-98

-37
-49

-a b;;

-m
-35
-46
-40

-al b -32

-m
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